Tissue engineering has the potential to revolutionize medical therapies, in the ultimate case being able to grow replacement organs. Different cell types are organized specifically within tissues, thus, materials that can effectively direct specific cell lines spatially in a milieu of other proteins and cell types are required to engineer tissues. The development of materials with cell sorting abilities requires an advanced understanding of cell-surface interactions specific to a particular cell type. Toward the goal of producing a lung tissue model, we investigated the interaction of both fibroblastic MRC5 and epithelial Calu3 cells with a 116 member polymer library. A number of materials were identified that preferentially bound one of the two cell types. Chemometric analysis of the cell-material interactions was conducted using partial least square regression of the surface chemistry with the number of attached cells. Fibroblast cell attachment was successfully predicted by assessing only the surface chemistry of the polymeric materials used in this study. Epithelial cell attachment was also successfully modeled from the polymers' surface chemistry; however, this model did not capture all of the variance within the Calu3 cell attachment dataset, suggesting that this cell line is more responsive to surface properties outside those represented in a time-of-flight secondary ion mass spectrum. Fibroblasts were found to attach preferentially to moderately hydrophilic, amine functional materials. The improved understanding of the biological-material interactions assessed in this study will underpin further development of engineered lung tissue.
Introduction
Current limitations in the conventional treatment of airway disease and trauma has driven research toward tissue engineering of tracheal tissue that could be used in reconstructive surgery [1] . The trachea is generally considered to be a tissue of simple nature with tracheal tissue comprised principally of epithelial cells. Engineering tissue replacements for further down the respiratory tract requires additional cell types such as smooth muscle cells and fibroblast cells. Co-culture systems add complexity to recreating in vivo like tissue as the organization and synergistic interactions of cells within the constructed tissue must be considered. Engineering lung tissue from deeper within the respiratory tract has significant research applications as the tissue can be used for mass screening of new medical treatments, alleviating the bottle neck of animal and clinical testing, in addition to being used for modeling disease. To achieve this, a facile method to assemble the numerous cell types involved is required. One strategy to achieve this would be to develop materials that different cells show preferential adhesion to, which would allow cells to spatially self-assemble into an in vivo lung model. These materials could then be constructed in the shape of a lung to act as a scaffold for tissue development [2, 3] . Differential cell adhesion has been previously demonstrated based upon the materials' chemical and mechanical properties [4, 5] . For example, different adhesion efficiencies were observed for dermal fibroblasts and lens epithelial cells within hydrogels where the relationship between the polymer's structural and mechanical properties was correlated with cell adhesion [6] .
In cases where the cell-material interaction is well understood materials can be directly developed from this knowledge to achieve the desired biological function. High throughput screening offers an alternative to this approach in cases where the cell-surface interaction is not well understood [7] [8] [9] , whereby hundreds to thousands of candidate samples are screened in parallel for a desired biological response such as cell attachment [10] . Polymer microarrays have become a key enabling technology for high throughput materials discovery [8, 11, 12] , and have been used to screen for a variety of properties including polymers that exhibit switchable properties, support stem cell attachment, or resist bacterial attachment [13] [14] [15] [16] [17] [18] [19] [20] [21] . Hundreds to thousands of unique material compositions can be expressed on a single glass slide on the polymer microarray format, allowing for the parallel assessment of biological-material interactions. This approach is ideally suited for developing novel materials that a particular cell type specifically attaches to. Previous work by Tare et al. [22] utilized polymer microarrays to screen a library of 120 polyurethanes to identify materials that human bone marrow-derived STRO-1+ skeletal progenitor cells specifically attach to compared with immature osteoblast-like MG63 cells, human fetal skeletal cells and osteoblast-like cells. In the present study the poly(meth)acrylate/poly(meth)acrylamide combinatorial space was exhaustively screened using polymer microarrays [15] . An array was produced containing 116 homopolymers of all the commercially available (meth)acrylate and (meth)acrylamide monomers compatible with the in situ polymerization polymer microarray format [23] .
In addition to materials discovery, the large number of cell-material interactions observed on a microarray can be used to enhance the understanding of the underlying material properties that control the biological response. This knowledge can be subsequently used to develop future generations of materials [15, 17, 19] . High throughput surface analysis of the materials present on the array is required to provide the surface chemical and mechanical properties that the biological response can then be correlated with. Atomic force microscopy, water contact angle (WCA) analysis, surface plasmon resonance, X-ray photoelectron spectroscopy and time-of-flight secondary ion mass spectrometry (ToF-SIMS) have all been successfully applied to study materials on a microarray [24] [25] [26] [27] [28] . Correlating material properties and biological response has been achieved for large libraries of materials by modeling a measured biological property such as cell density with the hundreds of ions present in a ToF-SIMS spectrum using partial least square (PLS) regression. This was initially demonstrated by correlating the WCA with ToF-SIMS spectra [29] and has subsequently been used to predict stem cell and bacterial attachment [15, 17, 21] . This method has been applied to provide new insight into the interaction of epithelial and fibroblast cells with a library of poly(meth)acrylates and poly(meth)acrylamides.
Materials and methods

Polymer microarray formation
Polymer microarrays were formed as previously described [23, 30] using a XYZ3200 dispensing workstation (Biodot). Polymerization solution composed of 75% (v/v) monomer (Sigma) in dimethylformamide (DMF) with 1% (w/v) photoinitiator 2,2-dimethoxy-2-phenylacetophenone was printed onto epoxyfunctionalized glass slides (Genetix) dip coated in 4% (w/v) poly(hydroxy ethylmethacrylate) (pHEMA) (Sigma, cell culture tested) in ethanol using 946PM6B pins (ArrayIt) at O 2 < 2000 ppm, 25 • C, 40% humidity. After printing each material, slides were irradiated with a long wave UV source for 30 s. Slides were irradiated for a further 10 min once all materials had been printed. Once array formation was complete the slides were vacuum extracted at <50 mTorr for 7 days.
Cell culture
The cell lines Calu3 and MRC5 (LGC Standards cell bank) were routinely cultured in isolation within a humidified incubator at 37 • C and 5% CO 2 . The cells were maintained in 75 cm 2 flasks (Corning TM , Fisher Scientific) in Dulbecco's modified Eagle's-F12 medium (DMEM-F12; Invitrogen) for Calu3 cells and Dulbecco's modified Eagle's medium (DMEM; Invitrogen) for MRC5 cells. Both types of media were supplemented with 10% (v/v) fetal calf serum (FCS; Sigma-Aldrich), 2 mM l-glutamine solution (Sigma-Aldrich) and 1% (v/v) pen/strep (10,000 units/mL penicillin G, 100 mg/mL streptomycin sulphate; Sigma-Aldrich). All supplements were passed through a 0.2 m filter into the medium. Serial passages were made by enzymatic digestion (trypsinisation) using a trypsin (0.25%, v/v), ethylenediaminetetraacetic acid (EDTA) (0.02%, w/v) solution in PBS pH 7.4, following which the solution was neutralized and cells were centrifuged and the pellet re-suspended before re-plating.
Assessing cell population
Cell suspensions of either MRC5 or Calu3 cells (5 mL) were seeded into a 4 well plate (Nunc, Fisher Scientific) containing the UV sterilized (10 min) polymer slide. The well plate was placed onto a rocking plate (Stuart, SSL4, speed 3) located inside a humidified incubator (37 • C, 5% CO 2 ) to distribute cells over the polymer microarray slide. After 24 h the plate was then removed from the rocking plate to allow cells to culture in static conditions for a further 24 h. Following the incubation period cells were washed twice with PBS, and fixed in 4% paraformaldehyde (Electron Microscopy Sciences) before staining with 300 nM 4 ,6-diamidino-2-phenylindole (DAPI, ex 358 nm, em 461 nm; Molecular probes) in PBS for 5 min and subsequent rinsing with PBS. Cells were imaged using an Olympus IX51 fluorescence microscope and a Smart Imaging System (IMSTAR S.A.) with a 10× objective lens. Image mosaics were reconstructed and cell numbers were counted using Pathfinder TM software.
Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
ToF-SIMS measurements were conducted using a ToF-SIMS 4 (IONTOF GmbH) instrument operated using a 25 kV Bi 3 + primary ion source exhibiting a pulsed target current of ∼1 pA. Samples were scanned at a pixel density of 100 pixels per mm, with 8 shots per pixel over a given area. An ion dose of 2.45 × 10 11 ions per cm 2 was applied to each sample area ensuring static conditions were maintained throughout. Both positive and negative secondary ion spectra were collected (mass resolution of >7000), over an acquisition period of 15 scans (the data from which were added together). Owing to the non-conductive nature of the samples, charge compensation was applied in the form of a low energy (20 eV) electron floodgun. Large area scans were taken from the entire polymer microarray and regions of interest were selected from the image to extract spectra from individual polymers.
Partial least-squares regression (PLS) analysis
Correlations between ToF-SIMS spectra and cell adhesion were analyzed using PLS regression. In total 639 positive and 940 negative ions were selected to form the peak list. Both positive and negative ion peak intensities in a ToF-SIMS spectrum were dead time corrected [31] and then normalized to the respective total secondary ion counts to remove the influence of primary ion beam fluctuation. The positive and negative ion intensity data were arranged into one concatenated data matrix, which was meancentered and square root mean scaled prior to analysis [32] [33] [34] . PLS analysis was carried out using PLS Toolbox 5.2 software (Eigenvector). For cross-validation, the dataset was randomly split into a training group, containing 75% of the samples, and a test set, containing the remaining 25% of samples [35, 36] . The test set were selected by ranking the samples by cell number and randomly selecting 25% of samples from the lowest 25%, middle 50% and highest 25% of samples. The training set was formed from the remaining samples. This method was done to ensure both the test and training set contained polymers representing an even spread of low, middle and high cell attachment. To avoid overfitting, the number of variables within the x-block (the number of SIMS ions) was reduced to the same order of magnitude as the number of samples [37, 38] . An initial PLS model was created and variables with a regression coefficient below 10% of the highest regression coefficient were removed and the model was recreated with the reduced set of variables. This was repeated a second time such that in total the number of xvariables used was 155 and 116 for the MRC5 and Calu3 models, respectively. A "leave one out" cross validation method was used in the PLS regression analysis of the training set. PLS models were constructed using latent variables corresponding to local minimum or inflection points in the root mean square error of cross validation (RMSECV) curve. These PLS model were validated by applying to the test set. The final PLS model was constructed using the latent variable whereby the R 2 value for the test set was a maximum and close to the R 2 value of the training set.
Water contact angle (WCA) analysis
A water droplet with a volume of 100 pL was dispensed by a piezo doser onto each polymer sample using a DSA100 (Krüss). Contact angle measurements were taken from 4 repeat polymer spots using a Pike F-032B high speed camera (Allied Vision Technologies) [26] . Ultrapure water was used for all CA measurements (18.2 M resistivity at 25 • C). 
Results and discussion
High throughput assessment of cell attachment
An array of 116 unique homopolymers was produced using the in situ polymerization method [23] . This array was screened separately for the attachment of both fibroblastic MRC5 and epithelial Calu3 cells. After 48 h in culture, adherent cells were stained with the DNA binding dye DAPI and the number of cells on each polymer was assessed. The resultant fluorescence images of the array for Calu3 and MRC5 cells are shown in Figs. 1 and 2 , respectively. Cell numbers were assessed across 6 replicate arrays and averaged for each polymer. A range of cell numbers were observed across the polymer microarray, varying from high cell attachment (≈100 cells/spot) to no cells. The measured cell number for each polymer assessed is available in the supplementary information. A total of 38 polymers bound both cell types, 66 bound no cell types, 4 bound Calu3 cells only and 8 bound MRC5 cells only (Fig. 3A) . The chemical structures of the monomers that bound specifically Calu3 and MRC5 are shown in Fig. 3B . The materials that supported cell attachment for both cell lines contained tertiary amine groups in the monomer's pendant group, suggesting that a positive surface charge improves the attachment of both cell lines. The pendant groups of the monomers that each line specifically attached to are diverse (Fig. 3B) , thus, it is difficult to determine the chemical functionality associated with specific cell attachment by assessing the monomer structures alone.
Surface analysis
To further investigate the structure-function relationship governing the selective attachment of either Calu3 or MRC5 cells we assessed the surface chemistry of each polymer by ToF-SIMS [28] and explored correlations between the surface chemistry and cell attachment using PLS regression [29] . Large area ToF-SIMS scans [11, 39] produced chemical maps of the entire polymer microarray (Fig. 4) . Large spots were observed for some polymers due to the spreading of monomer prior to curing [36] . The area of spots observed in the ToF-SIMS ion images informed the areas that needed to be assessed to determine the number of cells attached. As the spots were sequentially spotted and cured it is unlikely that monomer mixing occurred. Extracted spectra for individual polymers were taken from regions covering the entire spot. The expected position of fluorine and nitrogen containing monomers matched the pattern of high intensity regions observed on chemical maps of secondary ions F − and CN − (Fig. 4B and C) . This suggests the pins were adequately washed between print runs to avoid cross-contamination between sequentially printed monomers. An inverse image of the array was also obtained by producing a chemical map of the secondary ion C 4 H 5 O 2 − (Fig. 4D) , which is representative of the pHEMA background layer. By considering all three chemical maps, or by considering chemical maps of ions characteristic of a specific monomer, we were able to confirm that all polymers had been successfully printed. ToF-SIMS spectra were obtained for each polymer by extracting data from a selected region-of-interest that corresponded to a specific polymer.
Chemometric analysis
The cell response to the polymeric library could not be directly correlated with a single SIMS ion due to the large number and diverse nature of the polymeric materials used in the study. Thus, PLS regression was used to correlate the surface chemistry of the polymers as measured by ToF-SIMS with the number of cells attached from each cell line. The log 10 of cell attachment was used in order to prevent weighting the model toward high cell attachment polymers [35, 40] . The 116 polymers were split into a training and test set at a ratio of 75:25. To validate the model, RMSECV curves were first produced using the 'leave one out' method [29] to determine the number of latent variables used for the PLS models ( Fig. 5A and C) . This method can provide an overly optimistic estimate of the predictive power of the model, particularly in the case of a large sample set [38, 41] ; thus, these curves were only used as an initial guide. For further validation, multiple 
Fig. 5. Cross validation of PLS models for (A and B) MRC5 and (C and D) Calu3. (A and C) RMSECV curves. (B and D)
The coefficient of determination (R 2 ) for a graph of the predicted versus the measured values from the PLS models produced using varied numbers of latent variables for the training ( ) and test ( ) sets. The number of latent variables selected to produce the PLS models was 6 for MRC5 and 7 for Calu3.
PLS models were produced from the training set using different numbers of latent variables, suggested by the RMSECV curves. These models were applied to the test and training sets and the R 2 values were calculated for the predicted versus the measured values ( Fig. 5B and D) . The number of latent variables where the R 2 value for the measured versus predicted curves for the training and test sets was most similar was used to produce the final PLS models. This method of validation ensured the resultant PLS models were not overfitted [37, 38] . A total of 6 latent variables were used to model MRC5 cell attachment, whilst 7 latent variables were used to model the Calu3 cell attachment. The average standard error of each measurement of MRC5 cell numbers was 0.28 and for Calu3 cell numbers was 0.26. This error will reduce the total variance that can be captured within the final PLS models. The R 2 value for the plot of the predicted versus the measured curve for MRC5 cell attachment was 0.75 for the training set and 0.61 for the test set whilst the standard error of the estimate (SEE) for the training set was 0.30 log(MRC5 cell number) (log(nMRC5)) and the standard error of prediction (SEP) for the test set was 0.35 log(nMRC5) (Fig. 5A ). This suggests that the PLS model accounts for 75% of the variance within the dataset for MRC5 cell attachment. Excluding error, this is the total variance within the dataset that the PLS model would be expected to capture. Thus, the level of MRC5 cell attachment to a polymer was successfully predicted by only assessing the surface chemistry of the polymer substrate. This suggests there is a strong correlation between polymer surface chemistry and MRC5 cell attachment. The R 2 value for the plot of the predicted versus the measured curve for Calu3 was 0.50 for the training set and 0.46 for the test set whilst the SEE for the training set was 0.31 log(nCalu3) and the SEP for the test set was 0.27 log(nCalu3) (Fig. 5B) . Excluding noise, this model captures 68% of the variance within the Calu3 cell attachment dataset. This suggests that Calu3 cells respond to surface properties outside those represented within the ToF-SIMS spectra.
In the PLS model each ion within the ToF-SIMS spectra is assigned a regression coefficient. The ions that most strongly influence the model are identified by identifying ions with the largest positive or negative coefficient. As the model for MRC5 attachment showed good predictive power the regression coefficients of this model were assessed (Fig. 6B) . The top ions with the highest or lowest regression coefficient are listed in Fig. 6C . A number of ions associated with specific monomer pendant groups correlated positively with MRC5 cell attachment. For example, C 3 H 8 N + and C 5 H 10 N + associated with tertiary amine groups, C 7 H 11 + associated with the norbornyl group, and C 7 H 7 + associated with the benzyl group all had high regression coefficients. Additionally a number of small mass fragments that are common to all polymers such as C 3 H 5 + and C 2 H − correlated with high MRC5 cell attachment. It is possible that the PLS model is applicable to a broader chemical diversity and therefore more robust due to the high regression coefficients associated with these more ubiquitous mass fragments. Generally, higher intensities for short aliphatic carbon fragments were observed for di-and triacrylates/acrylamides compared with monoacrylate/acrylamide based polymers, which may suggest MRC5 cell attachment is promoted on cross-linked polymers. The ions C 4 H 7 O + and C 2 HO 3 − , associated with the dimethyl-␥-butyrolactone group of monomer acryloyloxy-␤,␤-dimethyl-␥-butyrolactone, and C 4 H 10 N + , associated with the tertiary amine on monomer dimethylamino-ethyl methacrylate (DMAEmA) were assigned a negative regression coefficient and were therefore associated with preventing MRC5 attachment. The homopolymer of DMAEmA produced a hydrophilic polymer (WCA = 36.2 • ) with low MRC5 cell attachment of 1.75 cells per spot. This contrasted with the high cell attachment of >15 cells per spot to tertiary amines with a propyl linker between the tertiary amine and acrylate group, whose WCA was in the range of 37.4-81.3 • and were thus more hydrophobic than polyDMAEmA. The PLS regression analysis was thus able to detect this subtle change in chemistry and its impact on cell attachment. The ability of MRC5 to distinguish between the subtle chemical differences of tertiary and secondary amines suggests that this cell line responds strongly to both the extent of hydrogen-bond formation and surface charge.
The regression vector from the PLS model produced for Calu3 cell attachment (Fig. 7B) was also assessed to gain insight into the chemical moieties that this cell line responds to. The ions with high regression coefficients (Fig. 7C) were specific to homopolymers, thus, highlighting the polymers that promoted Calu3 cell attachment. Ions C 17 H 35 O 8 − , associated with long-chain ethylene glycol moieties, and ions C 10 H 19 O − , C 2 H 5 O + , associated with long aliphatic carbon groups both were assigned a negative regression coefficient (Fig. 7D) , and thus are associated with preventing Calu3 cell attachment. The low-fouling properties of ethylene glycol moieties have previously been reported [42] . As these ion fragments were observed in the Calu3 PLS model but not the MRC5 model, it is possible that the Calu3 cells are more sensitive to the anti-fouling properties of ethylene glycol in comparison with MRC5 cells. In addition to surface chemistry it is likely that the Calu3 cell line responds to other material properties such as roughness and hardness that convolute the cell response when considering surface chemistry alone. These properties are largely influenced by the manufacturing methodology rather than the monomer composition. Previously epithelial cells have been found to respond to surface roughness [43, 44] in addition to responding to surface chemistry [45] . It is thus likely that these surface properties contribute to the variance within the dataset that the PLS model was unable to capture.
In order to assess the differences between MRC5 and Calu3 cell attachment a PLS model was produced to predict the difference between MRC5 and Calu3 cell numbers for each polymer (Fig. 8) . The RMSECV curve was used to identify the number of latent variables that should be used to avoid over-fitting, and this was further validated by finding the R 2 value for the PLS models produced using different numbers of latent variables for both the training and test sets. Two latent variables were used to produce the PLS model for the different between MRC5 and Calu3 cell numbers. The R 2 value for the plot of the predicted versus the measured curve for Calu3 -MRC5 cell numbers was 0.50 for the training set and 0.38 for the test set whilst the SEE for the training set was 0.48 log(nCalu3 − nMRC5) and the SEP for the test set was 0.52 log(nCalu3 − nMRC5). The regression coefficients assigned for this PLS model were evaluated to identify chemical moieties associated specifically with either of the two cell lines: a positive regression coefficient was associated with Calu3 cell attachment and a negative regression coefficient was associated with MRC5 cell attachment. The highest and lowest regression coefficients are shown in Fig. 8E and F. A number of ions with either positive or negative regression coefficients were specific to particular monomers, and thus highlighted the polymers that one cell type preferentially attached to. A number of ions not specific to a single monomer and thus more informative about general trends were assigned a negative regression coefficient and were therefore associated with MRC5 cell attachment. These ions, including CH 3 O + , C 3 H 3 + , CH 3 + , and C 3 H 5 + , were generally more intense in the spectra of diacrylates. This suggests that MRC5 cells attach preferentially to cross-linked materials compared with Calu3 cells, and this material property may be utilized for the design of a material that can specifically attach MRC5 cells over Calu3 cells. The preference for REF52 fibroblasts and human dermal fibroblasts to attach to stiffer substrates has been previously observed using stiffness gradients [46, 47] . The response of epithelial cells to surfaces with variable stiffness has also been investigated. The attachment of MCF10A epithelial cells to polyacrylamide gels was not altered by changes in stiffness, although the migration of the cells across the substrate was enhanced on stiffer gels [48] . In another study epithelial 344SQ cells were encapsulated in 3D matrices with variable stiffness. All materials studied supported 344SQ culture, although greater cell outgrowth was observed in the softer matrix [49] . Together these studies suggest that, although cell phenotype is sensitive to material stiffness, epithelial cell attachment is not as sensitive to material stiffness compared with fibroblast cells, which is consistent with the conclusions from the present work.
The interaction of cells with a polymer surface is mediated by protein adsorption [17, 50] , which is strongly dependent on the hydrophobicity of the surface [51] . Additionally a positive surface charge can attract the negatively charged cell membrane through electrostatic interactions [52, 53] . In the present case it is likely that MRC5 cells are attracted to positively charged surfaces, however, a more hydrophobic surface is additionally required to induce the necessary protein adsorption layer for cells to adhere and spread on the surface. Improved adhesion of 3T3 fibroblasts on amine-functional surfaces that are moderately hydrophilic has been previously observed [54, 55] . In one example, a preference of 3T3 fibroblasts for amine functional allylamine plasma polymer (ppAAm) over hydrophobic hexane plasma polymer (ppHex) was observed using chemical gradients [55] . For this system the WCA measured on the ppAAm was 60 • (compared with 93 • for ppHex), which is within the range found to promote cell attachment in the present study. 
Conclusions
A polymer microarray approach has been used to screen for materials that support the attachment of either fibroblast or epithelial cells. In total 8 materials were identified that specifically bound MRC5 cells, whilst 4 materials specifically bound Calu3 cells. The attachment of MRC5 cells was successfully predicted from the chemical information represented by a ToF-SIMS spectrum, indicating that this cell line responds to surface chemistry. Specifically, amine-functional, moderately hydrophilic polymers were most favorable for cell attachment, and diacrylate functional monomers were implicated in promoting specific MRC5 cell attachment. A weak correlation between Calu3 cell attachment and surface chemistry was observed, suggesting that this cell line is also influenced by the material's physical properties that are not determined by composition but rather from the method of synthesis. The PLS analysis also highlighted disparities in the response of fibroblast and epithelial cells to material stiffness and roughness. These insights develop the understanding of the cell-material interactions associated with fibroblast and epithelial cell culture and will underpin the development of lung tissue models.
